Abstract. Five flightless species of Micromus are known from the Hawaiian Archipelago; only one, the rare Micromus usingeri, is reported from the Island of Hawai'i. Herein, we report the natural occurrence of intermediates between this brachypterous species and its near relative, the macropterous Micromus longispinosus. We compare some morphological and life-history characteristics of the two species and the intermediates. Our study shows that: (1) The two closely related species are broadly distributed on Hawai'i, but they appear to be allopatric altitudinally. (2) M. usingeri is associated with a cool, misty, high-altitude environment, M. longispinosus with warmer, rainy conditions at lower elevations. The intermediates occur in both types of situations and generally at intermediate elevations. (3) The macropterous M. longispinosus has large, oblong, flexible, membranous forewings and hind wings. In contrast, the brachypterous M. usingeri has convex, shortened, elytra-like forewings with reticulate venation, and very small, thick, triangular, stub-like hind wings with greatly reduced venation. The wings of intermediate specimens exhibit a broad range of variation between the two species. (4) Several characteristics of wing venation are highly correlated with reduced wing size; others are not. (5) Aside from the wings, adults of M. usingeri and M. longispinosus differ in relatively few morphological features, most notably the antennal and metatibial length, prothoracic length, mesothoracic length and width, and the length of the spine-covered process on the posteroventral margin of the male T9+ectoproct. The intermediate specimens are variable in adult characteristics, but they generally fall between the two species. (6) Egg size and larval characteristics (except the body length of the fully-fed first and third instars) do not differ between the two species. (7) The evolution of the wing variation is discussed.
INTRODUCTION
Secondary loss or reduction of wings -and the resulting loss of flight -has occurred numerous times among pterygote insects (e.g., Roff, 1990; Wagner & Liebherr, 1992) . Within the order Neuroptera, wing reduction is known from five of the 17 families (Oswald, 1996) . It is particularly prevalent among the Hemerobiidae (brown lacewings) -the only family in the order in which both sexes express flightlessness. Eleven species within five hemerobiid lineages show hind-wing reduction or loss; this pattern indicates that brachyptery and flightlessness have evolved repeatedly in the group (Oswald, 1996) .
Among insects, the incidences of wing reduction and loss of flight tend to increase at high altitudes and on isolated landmasses surrounded by inhospitable terrain or water (Roff, 1990; Gillespie & Roderick, 2002) . Therefore, it is not surprising that numerous remarkable cases are found among the endemic radiations of alate insects that colonized the Hawaiian Islands (Carlquist, 1980; Howarth & Mull, 1992) . Of the ~23 known species in the presumed monophyletic radiation of endemic Hawaiian hemerobiids (subfamily Microminae, genus Micromus), five have undergone striking modifications of the forewings, drastic hind-wing reduction, and loss of the ability to fly (Perkins, 1899; Zimmerman, 1957) . Only three of the Hawaiian Islands are known to have flightless hemerobiids, and each of the five flightless hemerobiid species has a relatively restricted, high-elevation distribution on only one island. Thus, it is reasonable to conclude that flightlessness evolved independently in at least three, and perhaps all five, of these species (e.g., see Zimmerman, 1957; Oswald, 1996) .
The evolutionary and ecological pathways involved in wing reduction or loss in insects have stimulated much research and discussion (see reviews by Southwood, 1977; Roff, 1990; Wagner & Liebherr, 1992; Zera & Denno, 1997) . Although some of the environmental conditions that may favor wing reduction in Hemerobiidae have been considered (Zimmerman, 1957; Penny & Sturm, 1984; Oswald, 1996) , an understanding of the selection pressures and trade-offs involved in its evolution in this family is far from realized.
The Hawaiian Micromus lineage provides an enticing opportunity for exploring the evolution of flightlessness, but it also presents difficulties. All five flightless Hawaiian species occur in areas that are not easily accessed; consequently, they are rarely collected and few specimens exist in museums. Virtually no published biological notes are available on the group. The larvae of only two Hawaiian Micromus species (both macropterous) have been described (Tauber & Krakauer, 1997) . Moreover, the subfamily Microminae has not been the subject of species-level cladistic analysis; thus, a phylogenetic context is unavailable for interpreting comparative studies (see Wagner & Liebherr, 1992 for the significance of such data).
During the last decade, we (MJT, CAT) were fortunate to collect living specimens (two fecund females) and subsequently rear the larvae of Micromus usingeri (Zimmerman), the only flightless species known from the Island of Hawai'i, the largest and youngest island in the archipelago. Also, we (JGG) collected several additional adult specimens on Hawai'i that appear to be intermediate between the flightless M. usingeri and the fully macropterous, flight-capable M. longispinosus (Perkins) .
Other than the original descriptions (Perkins, 1899; Zimmerman, 1940) and Zimmerman's (1957) taxonomic treatment of the Hawaiian lacewings, virtually nothing has been published on either M. usingeri or M. longispinosus. The discovery of intermediate specimens indicated to us that the two species, which were previously not suspected of being related, may indeed be very close phylogenetically. Moreover, the intermediates provide a fine 1 A female specimen (paratype, same data) is in the Bishop Museum. 2 A male (lab-reared from one of the females) was examined. The terminalia were measured, but not the wings or other body characteristics. 3 Additional specimens. Bishop Museum: Kilauea (vii.1895 , vii.1906 12.vii.1985 Kea (3.xi.1991 , 1.xii.1991 . Cornell University Insect Collection: Kohala Mts., Pu'u Pohoulaula, mossy 'ohi'a, 1,355 m (12.x.1997 , J.K. Liebherr), ridge SE Pu'u Pohoulaula, mossy 'ohi'a, 1,180 m (12.x.1997 Upper Waiakea Forest Reserve, Kipuka Ainahou, Pu'u O'o trail, 1,737 m (24.v.1989 , A.J. & C.A. Tauber). Tauber Research Collection: Upper Waiakea Forest Reserve, Kipuka Ainahou, 1,737 m [7.vii.2001 26.x.1996, M.J. & C.A. Tauber (Lot 96:55) ]; South Hilo District, Kipuka 9 (near Mawae), 1,554 m [9.v.1997, M.J. & C.A. Tauber (Lot 97:10); 14.x.1998, M.J. & C.A. Tauber (Lot 98:34); Hilo Watershed, Pu'u O'o Ranch Boundary, 1,600 m (2.vii.1999, J.G. Giffin opportunity for comparative studies that explore the evolution of M. usingeri flightlessness.
Here, we offer comparative natural history information. Specifically, we (a) assess the variation in wing characteristics and body size of the macropterous, intermediate and brachypterous specimens, (b) compare the larvae of M. usingeri and M. longispinosus, and (c) provide notes on the egg size and developmental times of the two species. Finally, we (d) discuss our data in relation to the evolution of flightlessness in M. usingeri.
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Abbreviations: a -anal; C -costa; cu -cubital; m -media; ORB -oblique radial branch; R, r -radius; rs -radial sector; Sc, scsubcosta; sc3 -third veinlet from subcosta to costa. 
MATERIAL AND METHODS

Specimens and general methods
We studied M. longispinosus and M. usingeri from 14 localities on the Island of Hawai'i ( Table 1) . A total of seven adult M. usingeri specimens are known from collections, worldwide: the six that we studied and a female (the paratype) in the Bishop Museum (Table 1) . We did not use the lab-reared male in our wing or body measurements; however, because of the small number of male specimens, we dissected and included its terminalia. All specimens are deposited in the insect collections at the Bishop Museum, Honolulu, and Cornell University, Ithaca (Lot 1158). All measurements (except on the eggs) were made with NIH ImageJ software (http://rsb.info.nih.gov/ij/).
Adult size and wing morphology
One wing of each pair was removed from each specimen, mounted in glycerin on a slide, photographed and measured. The measurements were subjected to ANOVA (Appendices 1, 2) and tested for a correlation with the degree of hind-wing reduction (defined by the ratio, forewing length : hind-wing length) ( Table 2 ). Adult body size and morphology were measured (as noted in Appendices 3, 4) using alcohol-preserved and pinned specimens. Male and female terminalia were cleared and mounted in glycerin on slides. See Figs 17 and 18 in Oswald (1993) for terminology. Eye width is the average of the left and right eyes.
Egg and larval size
Eggs were measured with an ocular micrometer one day after oviposition. The volume of the egg, which approximates a prolate spheroid, was calculated with the formula V = /6(LW 2 ), where L is egg length and W is egg width as per Tauber et al. (1991) . Measurements of larvae were made on fully fed first and third instars that had been killed in KAAD solution (see Stehr, 1987) and preserved in ethyl alcohol (see Tauber & Krakauer, 1997) . We tested for interspecific differences with the Student t-test (Appendices 5, 6).
Life history
Rearing procedures followed those of Tauber & Krakauer (1997) . Both larvae and adults received green peach aphids, Myzus persicae (Sulzer), as prey.
In our past experience, laboratory rearing of Hawaiian Micromus species from relatively high elevations is problematic; mortality rates are usually very high. Our best results have been obtained under relatively low temperatures.
Thus, we reared M. usingeri and M. longispinosus under three low-temperature regimens: (a) constant 15.8°C, (b) fluctuating 18.3 : 15.8°C, and (c) fluctuating 21.1 : 18.3°C (all ± 1°C). The photoperiod was 16L : 8D; in regimens with a temperature cycle, the higher temperature occurred during the photophase. We recorded oviposition, egg hatch, larval moults, cocoon spinning, adult emergence, and death (Table 4) . As expected, survival rates under all conditions were relatively poor, and because of low numbers, we did not apply statistical tests to the developmental or reproductive data.
RESULTS
Collection records to date [our own, those from specimens in the Bishop Museum and the Cornell University Insect Collection, and in the literature (Zimmerman, 1957) ] indicate that both M. usingeri and the fully macropterous M. longispinosus have relatively broad distributions on the Island of Hawai'i, but that each is restricted altitudinally. Macropterous M. longispinosus have been collected in the Ka'u Puna, North and South Hilo, Hamakua and South Kona districts, at elevations between 1,200 and 1,800 m, in montane wet or montane mesic forest habitats of Metrosideros, Cibotium, and Acacia ( Table 1 ). The seven brachypterous M. usingeri were taken in the North Hilo, Hamakua and North Kona districts, at high altitudes (above 1,900 m), and in subalpine, dry forest habitats of Sophora and Metrosideros.
Intermediate specimens were collected in the districts of Ka'u, North Hilo, and North Kona in a variety of habitats, and generally at elevations between those of M. usingeri and the macropterous M. longispinosus (1,700-2,400 m) ( Table 1) . Hind-wing length on all of our specimens is significantly correlated with altitude (y = 15.18 -0.0019x; R = 0.778; P < 0.0001) and habitat type.
Adult morphology Wing size, shape & color
With the ratio of forewing length : hind-wing length as the standard, our specimens fall into three discrete groups, with M. longispinosus and M. usingeri occupying the two extremes ( The M. longispinosus forewing is slightly more robust than the more membranous hind wing; it is also slightly convex; and it has three clear lines of flexion -the mediocubital, cubitoanal, and intraanal flexion lines of Oswald (1993) . The costal flexion line is not discrete; in some specimens it appears only as a longitudinal streak through the costal area, but it does not show flex. In all specimens the costal area has a slight, concave depression. The radiomedial flexion line appears to be absent or very faint. The venation is largely longitudinal with varying numbers of transverse crossveins (Appendix 1); the veins are rounded, unthickened and somewhat darker than the surrounding membrane.
At the other extreme is the flightless M. usingeri (N = 6; 4 females, 2 males). These individuals have forewings that are considerably smaller than those of M. longispinosus, and their hind wings are reduced to small triangular lobes ( Fig. 3; Appendices 1, 2) . The ratio of their forewing to hind-wing length is approximately 6 : 1.
In general, M. usingeri forewings appear elytra-like. The foreshortened forewing is oblong to obovate in shape; it has a coriaceous, rigid, convex surface; lines of flexion are absent; the veins are flat and wide; and the venation appears reticulate rather than primarily linear. The entire wing, including the veins, has an amber color.
The seven intermediate specimens (N = 7; 3 females, 4 males) are characterized by forewings that are slightly reduced and slightly coriaceous, and hind wings that are considerably diminished and that have rounded to angulate distal margins ( Fig. 4 ; Appendices 1, 2). The ratio of the forewing : hind-wing length averages approximately 2 : 1. These adults appear to be incapable of flight; captured specimens that had considerable opportunity to fly neither opened their wings, nor attempted to fly (JGG, personal observation).
The silhouette of both the forewing and the hind wing varies considerably among the intermediate individuals, as do most of the venational and other characteristics (e.g., lines of flexion, sclerotization of the wing membrane and veins, branching of veins) that distinguish M. usingeri from macropterous M. longispinosus. In most traits, the variation falls between the two extremes and is correlated with the degree of hind-wing reduction (Figs 2-4; Table 2 ; Appendices 1, 2).
Wing venation
At first glance, the forewing venation of M. usingeri and M. longispinosus appears markedly divergent (Figs 2,  3) . However, closer observation shows that only some aspects of the venation vary; others are conserved.
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Note: The reduced numbers of individuals during rearing under all three thermal regimens do not indicate rates of mortality because specimens were removed during each instar for preservation. (2) 52 (1) 12.9 ±0.3 (26) 6.8 ± 0.8 (17) 5.8 ± 0.5 (5) 6.8 ± 0.9 (5) 30 (2) 61, 62 (2) 0.769 ± 0.052 (7) 0.728-0.832 0.353 ± 0.014 (7) 0.338-0.364 In general, the major longitudinal veins of the forewing show little variation in their branching patterns (Appendix 1). Moreover, the small amount of variation that does occur in the longitudinal veins is not significantly correlated with the degree of hind-wing reduction (Table 2 ). For example, in the radial trace, the number of oblique radial branches (ORBs) and the number of times each ORB splits do not vary significantly among our specimens. Although the number of veinlets reaching the radial margin differs between M. usingeri and the macropterous M. longispinosus, the variation in this trait is not significantly correlated with the extent of hind-wing reduction (Table 4) .
A similar stable pattern prevails for the branching patterns of other major veins on the forewings. For example, the media (M) consistently has two deep splits that yield three sub-traces (M1, M2, and M3); after the first split, the second split occurs in either the upper or lower major branch apparently unrelated to hind-wing reduction. The cubitus has one major division near the base of the wing, followed by subsequent forking that results in three to four relatively long longitudinal branches. The branching pattern of these veins also does not appear to correlate with hind-wing reduction. The anal vein has three major forks; each fork is present on the wings of all specimens.
In contrast to the stability of the major longitudinal veins, other features of the forewing venation vary significantly with hind-wing reduction. Among our specimens, the number of crossveins, both within and between traces, is correlated positively with hind-wing reductionthe only exception being the number of crossveins in the intracubital trace where very little variation is expressed (Table 2, Appendix 2). Notably, the trend in veinlets reaching the wing margin is the reverse of that in the crossveins; the number of terminal veinlets tends to drop as the degree of hind-wing brachyptery increases. Among our specimens, this relationship is significant in the subcostal, medial, and anal traces, but not in the radial or cubital (Table 2) .
In addition to the characteristics above, the relative widths (vein width/forewing width) of all the forewing veins that we measured show significant positive correlation with hind-wing brachyptery (Table 2) . Moreover, the actual widths of three of these veins vary significantly and positively with hind-wing reduction (data not shown).
Hind-wing venation shows a consistent pattern of change as the wings become reduced. Most notable is the fusion of the subcosta and radius, the loss of oblique radial branches, the fusion of M1 with the proximal radial fork, the loss of branching and crossveins, and the sclerotization of the subcosta and cubitus (cf., Figs 2, 3; Appendix 2).
Body size
With a few interesting exceptions, the body-size characteristics that we measured do not differ significantly among the fully winged, intermediate, and brachypterous groups (Appendix 3). On the head capsule, only the length of the frons has a very slight correlation with hindwing reduction; none of the other head measurements show any correlation (Table 3) . Also, the sclerites of male abdominal segments 8 and 9 show no significant differences in size between M. usingeri and M. longispinosus (Appendix 4). Prothoracic length, but not width, is negatively correlated with hind-wing brachyptery, and both the length and the width of the mesothorax are negatively correlated with reduction of the hind wings (Table 3) . Both antennal length and the length of the metathoracic tibiae show a strong negative correlation with the degree of hind-wing brachyptery.
Male terminalia
M. longispinosus males have very distinctive abdominal characteristics that distinguish them from the males of all other Hawaiian Micromus species (Zimmerman, 1957). The unique feature for which the species was named -the long, lanceolate, spine-covered process on the posteroventral margin of the T9+ectoproct -is more than twice as long as the setose, digitiform process immediately dorsal to it (Fig. 5A) . Internally, M. longispinosus males have a V-shaped gonarcus (dorsal view) with an elongate, smooth, ventrally curved mediuncus. In preserved specimens, the mediuncus usually does not protrude from the abdominal cavity. The parabaculum is robust and well sclerotized and the callus cerci are distinguishable.
A rounded T9+ectoproct and the shape of the two terminal processes are distinguishing features of the M. usingeri male terminalia (Fig. 5B) . The process on the posteroventral margin of tergite 9 is narrow, lanceolate and spine-covered, as in M. longispinosus, but it is much shorter, its ventral margin is more arcuate, and its dorsal teeth are smaller (Appendix 4). In one of our two male specimens, some of the teeth are distributed over the distal part of the lobe and others are grouped in a cluster mesally on the lobe. On the other male, the teeth occur more or less evenly along the length of the lobe. The M. usingeri terminalia also have smaller posterodorsal, digitiform processes, a smaller ratio between the lengths of the two terminal processes, very faint or indistinguishable callus cerci, and shorter terminal setae on the posterior margins of the tergites (Appendix 4).
As in M. longispinosus, the gonarcus (dorsal view) in our two M. usingeri male specimens is V-shaped. However, they differ from M. longispinosus in that the mediuncus protrudes from the abdomen (especially after the specimens were cleared and mounted in glycerin), and the parabaculum is somewhat foreshortened and weakly sclerotized (perhaps teneral on the lab-reared specimen). We did not dissect the internal organs from the holotype male and do not have other mature specimens, thus precluding detailed comparisons of the internal structures.
The only character on the male terminalia that differentiates the intermediate specimens from both the fully macropterous M. longispinosus and the brachypterous M. usingeri is the length of the lanceolate posteroventral process. The intermediates fall in a distinct grouping between the two species (Appendix 4). In most of the other characters on the terminal segment, including the callus cerci, the intermediate specimens are not significantly different from those of either M. longispinosus or M. usingeri. The notable exception is the length of the long terminal setae, where both M. longispinosus and the intermediates differ significantly from M. usingeri (Appendix 4). 
Life-history characteristics Developmental time
At the higher of the two fluctuating-temperature regimens (21.1 : 18.3°C), all larvae died before emerging from the cocoon, and the developmental times for M. usingeri and macropterous M. longispinosus appear similar (Table 4) . Under the lower fluctuatingtemperature regimen (18.3 : 15.8°C), survival and devel- opmental rates, once again, seem not to differ between the two species. However, both species appeared to survive better but development was slightly slower than in the higher fluctuating-temperature regimen.
Only M. longispinosus was reared in a constant 15.8°C regimen. The survival rate at this temperature was similar to that under fluctuating 18.3 : 15.8°C, but development was slower. For example, complete development from oviposition to adult emergence took ~10 days longer under the constant low temperature than the fluctuating low temperature regimen (Table 4) .
Egg size and oviposition rate
Although eggs from macropterous M. longispinosus females were significantly shorter than those of the M. usingeri females, neither egg width nor egg volume differed significantly between the two species (Table 4) . Oviposition rates ranged from 2.8 to 5.5 eggs per day for three macropterous M. longispinosus females and from 4.4 to 4.6 eggs per day for two M. usingeri females (all under a fluctuating-temperature regimen of 18.3 : 15.8°C) ( Table 4) .
Larvae
Among the various features that we measured on fully-fed first and third (final) instars, only body length differed significantly between M. longispinosus and M. usingeri (Appendices 5, 6). All other aspects (head size and thoracic width, mandible and antennal length) did not.
DISCUSSION
Our findings indicate that brachyptery and flightlessness in M. usingeri is associated more with cooler, drier environments at high elevations, than the warmer, moister and more rainy, lower-elevation environments of its macropterous relative, M. longispinosus. Such a trend is not unusual for insect groups with flightless species and has been well documented in endemic Hawaiian lineages of Lygaeidae (Ashlock & Gagné, 1983) , Oecophoridae (Howarth, 1987) , Dolichopodidae (Evenhuis, 1997) , and Carabidae (Liebherr, 2000 (Liebherr, , 2006a .
Origin of intermediates
The fact that the intermediate specimens span the range of most character states that distinguish M. longispinosus and M. usingeri prompts several questions: (1) Do the intermediate specimens represent occasional hybridization events or a hybrid zone along the boundary between two distinct species (M. longispinosus and M. usingeri)? For example, natural hybrids have been shown to occur between morphologically very distinct sister-species of Hawaiian Drosophila (Carson et al., 1989; see Bonacum et al., 2005) . In the Drosophila case, the two species presumably diverged in allopatry; subsequently some populations became partially sympatric and remained reproductively isolated through sexual selection. Hybridization is believed to occur when populations become unusually small and the normal interspecific mate-choice system breaks down (Carson et al., 1989) . A similar situation is possible with M. longispinosus and M. usingeri if the two species diverged allopatrically (presumably at high and low elevations) and occasionally hybridize at midelevations.
Alternatively, (2) do the intermediate specimens represent transitional (parapatric) populations in the on-going, perhaps repeated evolution of brachypterous, highelevation forms? And if so, are M. longispinosus and M. usingeri valid (reproductively isolated) species? Numerous examples of parapatric diversification are found within island and continental lineages of insects (e.g., Endler, 1977) , and some very spectacular cases occur along the steep altitudinal and ecological transects of the two major volcanoes of the Island of Hawai'i (Howarth, 1987; Liebherr, 2006b) . The evolution of brachyptery in M. usingeri could constitute another such striking example of parapatric divergence resulting from adaptation to a gradient of extreme physical (or biological) conditions. Studies on the phylogeny of the Hawaiian Micromus lineage, the ecological characteristics of diverse geographic populations, and the genetic basis for specific morphological and life-history traits, would help answer the above questions. Meanwhile, we believe that it is prudent to maintain M. usingeri as a species separate from M. longispinosus and the intermediates, while recognizing that there probably is interspecific gene flow.
Evolution of brachyptery: Sequential changes in wing morphology
Using the variation in our specimens' wing size and structure as hints to possible transitional stages, we can propose a sequence of changes in wing morphology during the evolution of brachyptery in M. usingeri (whether allopatric or parapatric).
Hind wing
The striking changes leading to the brachypterous hind wing apparently began with a gradual diminution of the oblong membranous wing, followed by a narrowing of the distal margin until the tip became acute, and finally, the drastic reduction of the wing to a triangular stub. Also, as the hind wing decreased in size, several longitudinal veins (notably Sc and R) fused and became more heavily sclerotized; branches (e.g., those from Sc, R and M) and crossveins were lost. The anterior margin of the wing, including the frenulum, remained relatively robust.
Forewing
The equally striking modifications of the forewing involved the transition from a flexible, membranous, oblong wing with primarily longitudinal venation, to a hardened, elytra-like wing structure with reticulate venation. Interestingly, as the transition occurred, the branching patterns of the major longitudinal veins remained largely unchanged. Branching was altered only on the margins of the subcostal, medial and anal traces, where its frequency appears to have decreased gradually. This change in branching was concomitant with a gradual increase in the convexity of the wing, loss of the lines of flexion, increase in the number of crossveins both within and between traces (all, except the cubital trace), widening of the veins, and sclerotization of the forewing throughout.
The above individual changes do not appear to be tightly linked in our specimens. For example, among our intermediate specimens, the forewings show disparate patterns of variation in wing size, crossvein numbers, terminal branching, and the degree of sclerotization. Moreover, in one of our M. usingeri specimens, which has the typical stub-like hindwings, the forewing silhouette is not rounded as in the other M. usingeri specimens, but elongate as in M. longispinosus (Fig. 3) . These disparities may reflect complex, multigenic inheritance for brachyptery.
Ecological correlates of brachyptery
The morphology of the M. usingeri wings (marked foreshortening and sclerotization of the forewings, the shrinking of the hind wings to pad-like stubs) substantiates that the species is flightless; the intermediates also appear to be flightless. Our observations and numerous collections of M. longispinosus at lights show that both males and females of this species have the ability to fly; however, the range and frequency of their flight is unstudied. Nor is there any information on population structure or habitat fidelity for either of the species. Thus, it is unknown whether the evolution of brachyptery in M. usingeri is coincident with reduced dispersal (for discussions of this issue see Liebherr, 2000; Gillespie & Roderick, 2002) .
Habitat stability or permanence and habitat openness are often cited as explanations for the evolution of brachyptery and loss of flight (e.g., see reviews by Roff, 1990 , Wagner & Liebherr, 1992 . However, at this time, the microhabitats of the two species are unknown, and there is no evidence that the habitats that M. longispinosus occupies at lower elevations are any less stable or more protected than those that M. usingeri inhabits at high elevations. Thus, the selective pressures for wing reduction and/or flightlessness in M. usingeri, as well as those for maintaining full-sized wing and flight in M. longispinosus, remain undefined.
We suggest that flightlessness in M. usingeri may be associated with low night-time temperatures in its highelevation range. Hemerobiid adults, including those of Micromus, generally fly only at dusk or at night; they rarely fly during the day unless disturbed. Night-time temperatures at high elevations typically are considerably lower than those at lower elevations (e.g, see discussion by Mani, 1962) , and it is possible that the night-time temperatures where M. usingeri occurs rarely exceed the lower thermal threshold for flight. Thus, occupation of this habitat would render the maintenance of large, membranous wings and flight superfluous.
Such a scenario, however, would not explain the selective factors favoring the evolution of elytra-like forewings in M. usingeri. One hint may be found in an essay by J.B.S. Haldane (1927) , where he emphasized that the surface tension of water can pose a serious hazard for insects. Although the physical and chemical properties of the elytra-like forewings are unstudied, it is not unreasonable to imagine that their convex, heavily coriaceous (rigid) surfaces may have evolved as an adaptation to avoid being entrapped by water in moist mossy or leafy interstices. Such a hypothesis would be supported if it were shown that the beetle-like, brachypterous M. usingeri adults occur in a more confined, moist microhabitat than that of membranous-winged M. longispinosus. Such a shift in microhabitat is not unreasonable to expect; brachypterous Hawaiian carabid beetles are frequently associated with confined, moist moss-mat habitats (Liebherr & Short, 2006) . However, other crucial advantages for having coriaceous wings (e.g., defense against natural enemies or abrasion) are possible and deserve consideration.
Life-history correlates of brachyptery
Wing reduction and the loss of flight frequently are associated with marked trade-offs in body size and other life-history characteristics that have profound ecological and evolutionary consequences. Examples of such changes are summarized in various reviews (e.g., Roff, 1990; Wagner & Liebherr, 1992; Zera & Harshman, 2001) and are well-documented in Hawaiian Carabidae (Liebherr, 2000 (Liebherr, , 2007 . In M. longispinosus and M. usingeri some body-size changes are correlated with brachyptery; however, we found very few life-history traits that differ between the species, and most of those are subtle, as described below.
Adult size
Hind-wing brachyptery is associated with a very small decrease in the length of the frons and relatively large decreases in the the size of the mesothorax (length, ~24%; width ~17%) and the lengths of the antennae (~28%) and metatibiae (~39%) ( Table 3) . Reduction in the thorax of flightless insects is not unexpected; it is reported for numerous brachypterous species and probably reflects the redirection of reserves from flight muscles and skeletal structure to other functions (e.g., Zera & Denno, 1997; Zera & Harshman, 2001) . Analogous reasoning could be applied to the shortened antennae and metatarsi. Reduced antennal length could be coincident with a reduced requirement for sensory information in the flightless adult. Because neither M. longispinosus nor M. usingeri was observed to jump, we propose that foreshortened metatarsi could reflect a lost take-off or landing function in the flightless M. usingeri.
Life-history and larval traits
In general, the life-history traits that we recorded (egg size, oviposition rate, larval developmental rates and response to temperature) appear not to differ between M. longispinosus and M. usingeri. Moreover, our measurements of the length and width of larval head capsules and thoracic segments, as well as the length of the mandibles and the antennae, show no significant differences between the two species in either instar. The only measurement differing significantly between M. longispinosus and M. usingeri is the overall size (as measured by the length) of fully-fed first and third instars, with M. longispinosus being the larger in both instars.
Taken altogether, the above pattern of variation leads us to several conclusions. First, in view of the similarly sized adult head capsules, larval head capsules and larval mandibles of the two species, we suspect that the evolution of brachyptery in M. usingeri was not associated with a major change in either adult or larval prey. Second, although M. longispinosus larvae may achieve greater body mass than do M. usingeri larvae, M. usingeri larvae are able to produce full-sized adults, but with foreshortened forewings and vestigal hind wings. Whatever the selective advantage of reduced wing size (if any), this developmental trade-off may have helped M. usingeri to expand its range into the more rigorous subalpine environment by reducing the larval resources required to produce adults that maintain a relatively high oviposition rate, full-sized eggs, and larvae with full-sized head capsules and mouthparts.
Additional taxonomic consideration
M. longispinosus and M. usingeri forewings exhibit an interesting exception to the characteristic branching pattern in micromine hemerobiids. In the Microminae, the most proximal fork of the most proximal radial sector is located within the distal two thirds of the posterior sectoral trace (Oswald, 1993) . However, this character state does not occur in any of our five M. usingeri specimens; it is present in only two of the seven intermediates, and notably, in only three of the nine fully winged M. longispinosus specimens. These data provide another example, among many, of a Hawaiian species expressing a degree of variation that exceeds the range of variation in its continental congeners (e.g., Zimmerman, 1970; Montgomery, 1982; Gillespie, 1992; Howarth & Mull, 1992; Otte, 1994; Rubinoff & Haines, 2005; Tauber & Krakauer, 1997) .
Abbreviations: a -anal; cu -cubitus; m -media; R, r -radius; rs -radial sector; Sc, sc -subcosta; trace -region of the wing encompassed by one of five major veins, and all of its branches (Oswald, 1993) . Terms, abbreviations: a -anal; C -costa; cu -cubitus; m -media; ORB -oblique radial branch (Oswald, 1993) ; R, r -radius; Sc, sc -subcosta; sc3 -third veinlet from subcosta to costa; trace -region of the wing encompassed by one of five major veins, and all of its branches (Oswald, 1993 Micromus longispinosus (N = 9) APPENDIX 1. Forewing characteristics and their correlation with hind-wing brachyptery (as measured by the ratio of the forewing and hindwing lengths). Mean ± SD (min-max 
